Long-term monitoring of the radio emission from supernovae with the Very Large Array (VLA) shows that the radio "light curves" evolve in a systematic fashion with a distinct peak flux density (and thus, in combination with a distance, a peak spectral luminosity) at each frequency and a well-defined time from explosion to that peak. Studying these two quantities at 6 cm wavelength, peak spectral luminosity (L 6 cm peak ) and time after explosion date (t 0 ) to reach that peak (t 6 cm peak − t 0 ), we find that they appear related. In particular, based on two objects, Type Ib supernovae may be approximate radio "standard candles" with a 6 cm peak luminosity L 6 cm peak ≈ 19.9 × 10 26 erg s −1 Hz −1 ; also based on two objects, Type Ic supernovae may be approximate radio "standard candles" with a 6 cm peak luminosity L 6 cm peak ≈ 6.5 × 10 26 erg s −1 Hz −1 ;
Introduction
A series of papers published over the past 15 years on radio supernovae (RSNe; see references to Table 2 ) have established the radio evolution for 16 objects: 2 Type Ib supernovae (SN 1983N, SN 1984L) , 2 Type Ic supernovae (SN 1990B, SN 1994I) 
and 12
Type II supernovae (SN 1970G, SN 1978K, SN 1979C, SN 1980K, SN 1981K, SN 1985L, SN 1986E, SN 1986J, SN 1987A, SN 1988Z, SN 1993J, and SN 1996cb) . In this extensive study of the radio emission from supernovae (SNe), in most cases using the Very Large Array (VLA) 4 radio telescope, two effects have been noticed: 1) Type Ib and Type Ic SNe have roughly constant 6 cm radio luminosities at peak with only slight differences between the two types, and 2) Type II SNe appear to have a higher 6 cm radio luminosity at peak if they take longer to reach that peak. These two effects are also consistent with the tenets of the SN shock/circumstellar medium interaction model of Chevalier (1982a, b; 1984) for the origin of the radio emission if: 1) the radio emission for the rather homogeneous classes of Type Ib/c SNe arises in similar circumstellar environments, and 2) the radio emission for the more inhomogeneous class of Type II SNe arises in diverse circumstellar environments, but the denser the circumstellar medium the longer it takes for the material to become optically thin to the radio emission and the brighter the radio emission. If these effects can be quantified, they can provide a purely radio-based secondary distance indicator for SNe and, by association, for their parent galaxies. The RSNe available for study and some relevant properties of their parent galaxies are listed in Table 1 . 4 The VLA is a telescope of the National Radio Astronomy Observatory which is operated by Associated Universities, Inc., under a cooperative agreement with the National Science Foundation.
Models
While the relations to be described are empirical, there is some support from theoretical modelling. All known RSNe appear to share common properties of: (a) nonthermal synchrotron emission with high brightness temperature; (b) a decrease in absorption with time, resulting in a smooth, rapid turn-on first at shorter wavelengths and later at longer wavelengths; (c) a power-law decline of the emission flux density with time at each wavelength after maximum flux density (absorption τ ≈ 1) is reached at that wavelength; and, (d) a final, asymptotic approach of spectral index α to an optically thin, nonthermal, constant negative value (Weiler et al. 1986 (Weiler et al. , 1990 . Chevalier (1982a, b) has proposed that the relativistic electrons and enhanced magnetic field necessary for synchrotron radio emission are generated by the outgoing shock wave from the SN explosion interacting with a relatively high-density envelope of ionized circumstellar material surrounding the presupernova star. This dense cocoon is presumed to arise from mass loss in a stellar wind from a red supergiant SN precursor, or a companion, which has been ionized and heated by the initial UV/X-ray flash of the SN explosion. This circumstellar material (CSM) is also the source of the initial absorption. A rapid rise in the observed radio flux density results from the shock overtaking more and more of the wind material, leaving progressively less of it along the line of sight to the observer to absorb the slowly decreasing synchrotron emission from the shock region.
The radio light curve which results from these two competing effects of rapidly declining absorption and more slowly declining emission is shown schematically for one frequency in 
Parameterized Radio Light Curves
It has been shown by Weiler et al. (1986) that the radio emission from RSNe can be described, for simple cases, by:
where
with K 1 and K 2 corresponding, formally, to the flux density and uniform external absorption, respectively, at 5 GHz (6 cm wavelength) one day after the date of explosion, t 0 .
The term e −τ represents the attenuation of a medium that completely and uniformly covers the emitting source (i.e., a "uniform" external absorption) and the absorption is assumed due to purely thermal, ionized hydrogen with frequency dependence ν −2.1 . The parameter δ describes the time dependence of the optical depth for the uniform external absorbing medium. The emission from the RSN is assumed to be nonthermal synchrotron radiation with spectral index α and to be decreasing with time with index β.
Model Interpretation and Predictions
The parameters of Equations 1 and 2 can be interpreted in terms of the Chevalier (1982a, b; 1984) model if the dense, external cocoon of material is established by a constant mass-loss rate (Ṁ), constant velocity (w) wind from a red supergiant progenitor. The time dependence β of the flux density decline is derived by assuming equipartition between the magnetic and relativistic particle energies, a constant ratio of those energies to the thermal post-shock particle energy, a power-law density distribution for the unshocked circumstellar material (CSM) of ρ CSM ∝ r −s , and a density distribution for the unshocked ejecta of ρ ej ∝ r −n . The time dependence δ of the external uniform optical depth is clearly a function of both the shock expansion index m (R shock ∝ t m ) and the radial distribution of the CSM
The Chevalier model then interprets the parameters of Eq. 1 at any given frequency ν as:
and
and of Eq. 2 as
and δ = −3m.
The term γ is the index of the energy spectrum of the relativistic synchrotron electrons (which is related to the radio spectral index α by γ = −2α + 1), and m is the shock expansion index described above.
Substituting these relations into Eq. 1 and including the distance to the SN to convert observed flux density (S ν ) into spectral luminosity (L ν ), we can write
This is a function which has a single peak when the optical depth approaches unity, so that we can obtain a value for the mass-loss rate/presupernova wind velocity ratio (Ṁ/w) from setting the first derivative equal to zero (i.e., dL ν /d(t − t 0 ) ≡ 0) which gives
Substituting this back into Eq. 9 yields a luminosity for frequency ν at time t ν peak of:
or
Eq. 13 implies that the peak luminosity at any frequency is related to the time interval after explosion required for the radio emission to reach that peak. This is illustrated schematically in Figure 2 .
In principle, the index η in this simplified modelling treatment is fully determined by only two physical parameters, the index of the electron energy spectrum γ (where γ = −2α + 1) and the index of the shock expansion m (i.e., R shock ∝ t m ). In practice,
we do not expect to be able to describe the evolution of a SN explosion so simply and will employ an empirical fit to the available data. However, it is interesting to note that, although there is considerable scatter, the simple model prediction for the four Type Ib/c SNe gives, on average, relatively little variation of spectral luminosity with turn-on delay 1986J, 1988Z, and 1993J appear to obey the same relation as their more normal brethren, they are included along with other Type II SNe for the present discussion.
SN 1987A
One of the major peculiarities of SN 1987A is that its explosion occurred when its progenitor was a blue supergiant (BSG) than being a red supergiant (RSG). Because of the much higher wind velocity of a BSG than that of a RSG, the density of the CSM, i.e., the density of the presupernova stellar wind (∝Ṁ /w), around SN 1987A was considerably lower than around "normal" Type II SNe and, therefore, its early radio emission was intrinsically much weaker and evolved much more quickly than normal. In particular, the flux density at 6 cm reached a peak only 1 day after the explosion and fell below detection limits only a few days later. As a consequence, despite the efforts of Australian radio astronomers, the radio light curve of SN 1987A is poorly defined.
This fact, and the large difference in circumstellar environment (much lower density, much higher velocity) as compared with normal Type II SNe, makes it uncertain whether a quantitative comparison of SN 1987A with the other Type II SNe can be made. However, it is apparent in Fig. 3 that SN 1987A agrees reasonably well with an extrapolation of the relation determined for the remaining Type II SNe which have much greater peak 6 cm radio luminosities and much longer times from explosion to 6 cm peak flux density. This may imply that the relation is indeed valid for all Type II RSNe and that the gap between RSN 1996cb and RSN 1987A is due to selection effects against fast turn-on, low radio luminosity RSNe. Thus, since we are dealing with an empirical relation, we have included SN 1987A in our discussion.
3. Data
Peak Luminosity and Time to Peak
In order to quantify possible relations between SN type, peak radio luminosity, and time from explosion to radio peak, it is necessary to establish these quantities in a systematic fashion. The data sets available for the various RSNe are of quite variable quality, and most
RSNe show some deviation from smooth radio light curves. Thus, even when observations are available at 6 cm wavelength near the time of peak flux density, the smoother best-fit model values have been used in all cases to determine the two quantities of interest: peak 6 cm flux density, S 6 cm peak (from which the peak 6 cm spectral luminosity, L 6 cm peak , is calculated using the distances given in Table 1 ), and the time in days (t 6 cm peak − t 0 ) from explosion, t 0 , to 6 cm peak luminosity, t 6 cm peak . These values, along with associated errors, are given in Table 2 for each of the 16 RSNe under consideration.
Two caveats should be kept in mind. First, new fits have been performed for all available data sets and, due to revisions or the inclusion of new data, some fitting parameters may differ slightly from previously published values. Second, these results are from preliminary fits to some of the data sets and more data may somewhat alter the parameter values in future treatments.
Errors
Because of the very diverse nature of the data, missing data at critical (usually early) times, and variations in the assumptions for the modelling of different RSNe, it is extremely difficult to assign errors to the basic quantities of S 6 cm peak , including, in many cases, large uncertainty in determining or assigning a date of explosion, t 0 . Additionally, the conversion of S 6 cm peak into L 6 cm peak introduces the additional uncertainty of poor distance estimates to many of the parent galaxies of the SNe.
However, to try to provide some indication of the relative quality of the different (see, e.g., Saha, et al. 1997 and references therein; Riess, Press, & Kirshner 1996; Hamuy, et al. 1996) . Since Tully (1988) assigns no distance error to his values, we have assumed that ± 15 %, to roughly cover the range of H 0 from 55 to 75 km s −1 Mpc −1 within one sigma, is a reasonable estimate.
For the other two critical parameters, S 6 cm peak and (t 6 cm peak -t 0 ), we have used several methods to obtain rough error estimates.
Where enough data are available and the radio light curves are well determined (e.g., SN 1993J with hundreds of measurements), we were able to use the bootstrap method 5 5 Bootstrap (Press et al. 1992) procedures use the actual data sets to generate thousands of synthetic data sets that have the same number of data points, but some fraction of the data is to obtain direct estimates of the one sigma deviation for both quantities. However, in the cases where the data were very sparse (e.g., SN 1986E with only one detection at one frequency), we had to rely on a qualitative estimate of the error by adjusting fitting parameters by hand, to obtain a range of values for S 6 cm peak and (t 6 cm peak − t 0 ) which appeared consistent with the data. In extreme cases where one or both parameters were effectively indeterminate, that has been indicated in Table 2 by the description "ind." and, in Figure 3 , by a line stub for that side of the range of uncertainty.
Once error estimates were established for S 6 cm peak and the distance, determination of error estimates for the L 6 cm peak followed standard error propagation procedures.
Finally, error estimates for the "radio distances" in Table 3 were obtained for Type Ib and Type Ic SNe from propagation of the flux density error from Table   2 and the standard deviation of the luminosities from the straight line shown in Figure 3 .
While it is felt that these error estimates are reasonable for the quality of the data available, they cannot be rigorously justified.
Discussion
replaced by duplicated original points. The fitting parameters are then estimated for these synthetic data sets using the same algorithms that are used to determine the parameters from the actual data. The ensemble of parameter fits is then used to estimate errors for the parameters by examining the number distribution of the parameter in question. The errors we present correspond to the 15.85% and 84.15% points in the distribution of the occurrence of parameters from the synthetic data. 
and Type Ic SNe having an average peak 6 cm luminosity of L 6 cm peak ≈ 6.5 × 10 26 erg s
If we assume that Type Ib and Type Ic RSNe are, in fact, standard candles in their peak 6 cm radio emission and that, on average, the assumed distances listed for the objects in Table 1 are correct, we can determine a "radio distance" to each RSN, such that its measured peak 6 cm flux density would yield the average peak 6 cm spectral luminosity for its particular type. These distances are listed in Table 3 along with an error. The "assumed distances" and errors from Table 1 are repeated in Table 3 for the reader's convenience.
While it should be kept in mind that the two sets of distance estimates are not completely independent, with the assumed "independent" distances de facto setting the scale for the radio distances, it is apparent that the data are consistent, to within the errors, with an assumption of constant 6 cm peak luminosity. Thus, the distance to any Type Ib or Type Ic RSN can be estimated simply by measuring its 6 cm peak flux density and comparing this observed value with the luminosity predicted by Eqs. 15 and 16. Clearly, more objects of both subtypes must be identified and studied in the radio to better test and define these two equations.
Type II Peak Radio Luminosities and Distances
There are 12 examples of Type II RSNe which have a sufficient number of radio observations available for detailed study. While Type II RSNe are far more heterogeneous in their radio (as well as in their optical) properties than Type Ib/c RSNe, inspection of Table 2 and Figure 3 shows that the longer it takes a Type II RSN to reach 6 cm peak flux density, the higher its 6 cm luminosity at that peak. This is also supported by the model discussion in Section 2, which implies a relatively steep power-law relation between the two quantities. However, as with the Type Ib/c SNe, we are considering here an empirical test and therefore will determine a best-fit power-law to the available turn-on time vs. peak 6 cm luminosity data.
Performing an unweighted least squares fit to the data for the 12 available Type II RSNe, we obtain the relation (formal fitting errors given) of L 6 cm peak ≃ 5.5 +8.7 −3.4 × 10 23 (t 6 cm peak − t 0 ) 1.4±0.2 erg s
with time in days. This relation is shown as the dashed line in Figure 3 . We note that the empirically derived slope of the L 6 cm peak vs. (t 6 cm peak − t 0 ) relationship agrees well with the value inferred from model estimates (see Eq. 14). This result suggests the validity of the Chevalier (1982a,b) model, at least for interpreting the origin of the radio emission.
If we assume that Type II RSNe obey this relation and that, on average, the independent distances listed for the objects in Table 1 are correct, we can determine a "radio" distance to each RSN, such that its measured peak 6 cm flux density would yield the "best-fit" 6 cm spectral luminosity predicted by Eq. 17. These "radio distances" are listed in Table 3 , Column 4, along with errors, while the "assumed distances" and errors from Table 1 are repeated in Table 3 for the reader's convenience.
Again, while it should be kept in mind that the two sets of distance estimates are not completely independent, with the "assumed distances" de facto setting the scale for the radio distances, it is apparent that the data are consistent, to within the errors, with the results of Eq. 17. Thus, the distance to any Type II RSN can be estimated simply by measuring its time from explosion to 6 cm peak flux density and comparing the observed 6 cm peak flux density with the predicted luminosity.
Deviations
Examination of the distances determined from the relations of Eqs. 15, 16, and 17 for Type Ib, Type Ic and Type II, respectively, in Table 3 shows that they are generally in good agreement to within the estimated errors. However, several cases show relatively large disagreement inconsistent with the error estimates.
SN 1985L, SN 1986E, and SN 1996cb
Perhaps too easily, large deviations for these three SNe can be explained, if not dismissed. SN 1985L was faint (S 6 cm peak ∼ 0.65 mJy, estimated) and had only two clear detections of radio emission (Van Dyk et al., 1998) . While reasonable estimates of RSN parameters can be obtained for SN 1985L through the use of a number of upper limits, the quality of the L 6 cm peak and (t 6 cm peak − t 0 ) must remain suspect.
SN 1986E ) has the same difficulties as SN 1985L, but even more extreme. Only one clear radio detection at one frequency exists, and the rest of the parameter fitting has to rely on the use of upper limits. It was also quite faint, with a peak 6 cm flux density of only S 6 cm peak ∼ 0.31 mJy. RSNe.) This, unfortunately, meant that the turn-on at wavelengths shorter than 20 cm was completely missed, and estimates of S 6 cm peak and (t 6 cm peak − t 0 ) are rather uncertain.
SN 1980K in NGC 6946
RSN 1980K (Weiler et al. 1986 1980K (Weiler et al. , 1992 ) has a very large deviation from Eq. 17 (the dashed line in Figure 3 ). Also, it is possibly the most interesting deviation in that it is not easily explained away. SN 1980K was a reasonably strong, well-studied, "normal" Type II 1917A, 1939C, 1948B, 1968D, 1969P, and 1980K) . However, it is at a low galactic latitude (b = 11.7
• ) and located along the direction of rotation of the Milky Way (l = 95.7
• ), requiring large corrections to obtain an intrinsic radial velocity with respect to the galactic rest frame. Because it is so close, peculiar motions within the Local Group of galaxies may also disturb the Hubble flow and yield an inaccurate distance estimate from corrected radial velocity measurements.
Recent work on the Expanding Photosphere Method (EPM) by Schmidt, Kirshner, & Eastman (1992) yields a distance to SN 1980K (and thus, NGC 6946) of 8.1 ± 1.5 Mpc from IR observations and 7.2 (+0.7, −1.0) Mpc from optical observations, both somewhat closer than our radio estimate of 12.3 ± 1.9 Mpc. Furthermore, a revision of the EPM results by Schmidt et al. (1994) yields a distance of 5.7 ± 0.7 Mpc, in much closer agreement with the Tully (1988) distance than with our radio distance.
We have circumstantial evidence that NGC 6946 may be more distant than commonly assumed. The fact that NGC 6946 is the galaxy with the largest number of SN events ever recorded suggests a high blue luminosity, which should be at least as high as that of another prolific SN producer, NGC 4321 (M100), in which 4 SNe have been discovered In any case, it appears that the distance to NGC 6946 is sufficiently uncertain that it may be in error by the factor of ∼ 2 which the radio data for SN 1980K imply. Clearly, a measurement of the distance to NGC 6946 with more accurate techniques (e.g., Cepheids)
is called for and could provide an important test of the L 6 cm peak vs. (t 6 cm peak − t 0 ) hypothesis.
Conclusions
We have presented evidence that the radio emission from SNe may have quantifiable properties which allow for distance determinations. Type Ib RSNe, based on a statistically very small sample of only two objects, may be approximate radio "standard candles," with with a 6 cm peak luminosity of ∼ 19.9 × 10 26 erg s −1 Hz −1 ; Type Ic RSNe, also based on a very small sample of only two objects, may be approximate radio "standard candles" with a 6 cm peak luminosity of ∼ 6.5 × 10 26 erg s −1 Hz −1 ; and Type II RSNe, based on a sample of twelve objects, appear to obey a relation L 6 cm peak ≃ 5.5 × 10 23 (t 6 cm peak − t 0 ) 1.4 erg s −1 Hz −1 (with time in days). Thus, measurement of the radio turn-on time (t 6 cm peak − t 0 ) and peak flux density S 6 cm peak can yield a luminosity estimate and therefore a distance. Van Dyk, S. D., Weiler, K. W., Sramek, R. A., & Panagia, N. 1992, ApJ, 396, 195 Van Dyk, S. D., Sramek, R. A., Weiler, K. W., & Panagia, N. 1993a, ApJ, 409, 162 Van Dyk, S. D., Sramek, R. A., Weiler, K. W., & Panagia, N. 1993b Sramek, R. A., & Panagia, N. 1998, ApJ, in press Weiler, K. W., van der Hulst, J. M., Sramek, R. A., & Panagia, N. 1981, ApJ, 243, L151 Weiler, K. W., Sramek, R. A., Panagia, N., van der Hulst, J. M., & Salvati, M. 1986, ApJ, 301, 790 Weiler, K. W., Panagia, N., & Sramek, R. A. 1990, ApJ, 364, 611 Weiler, K. W., Van Dyk, S. D., Panagia, N., Sramek, R. A., & Discenna, J. L. 1991, ApJ, 380, 161 Weiler, K. W., Van Dyk, S. D., Panagia, N., & Sramek, R. A. 1992, ApJ, 398, 248 This manuscript was prepared with the AAS L A T E X macros v4.0. Tully (1988) ; heliocentric velocity of the parent galaxy is corrected for Galactic rotation of 300 km s −1 towards l = 90
b Unless otherwise referenced, the distance is from Tully (1988) , and is based on systemic velocity, corrected by a model which assumes the Milky Way is retarded by 300 km s −1 from universal expansion by the mass of the Virgo Cluster, and on an assumed Hubble constant of H 0 = 65 km s −1 Mpc −1 [Tully (1988) uses H 0 = 75 km s
Unless otherwise referenced, errors are conservatively taken to be ±15%, a value which is large enough to encompass both H 0 = 55 and H 0 = 75 km s −1 Mpc −1 within 1 σ.
c (1) Kelson et al. 1996 ; (2) Freedman et al. (1994a) ; (3) b Distance which the RSN would have if: 1) for Type Ib/c RSNe, the peak observed 6 cm flux density originates from a "standard candle" radio source with peak luminosity given, respectively, by Eqs. 15 and 16; or 2) for Type II RSNe, the peak observed 6 cm flux density originates from a source with peak luminosity given by Eq. 17, with time in days. with differing mass-loss rate/presupernova stellar wind velocity (Ṁ /w) ratios. Note that the longer the time delay required to reach peak luminosity the higher is that luminosity peak.
-31 - Fig. 3 .-Peak 6 cm luminosity, L 6 cm peak of RSNe vs. time, in days, from explosion to peak 6 cm flux density (t 6 cm peak − t 0 ). Type II SNe are plotted as filled triangles. The dashed line is the unweighted, best fit to the 12 available Type II RSNe. The Type II SNe show a large range in times to 6 cm peak (t 6 cm peak − t 0 ) and in peak 6 cm luminosity L 6 cm peak , but appear to obey the relation given by Eq. 17. Error bars are based on best estimates (see §3.2). Where no error or only a stub of a line is shown, the error in that direction is indeterminate.
